Highlight: This paper describes a "now " capability whereby satellite imagery could provide range managers with maps and tables giving standing crop biomass for selected species groups or range types (swales, uplands, etc.). This capability is provided by a remote rangeland analysis system which can monitor the effects of weather, grazing intensity, and land-management actions on primary production. The system concepts resulted from a project designed to assess the usefulness of ERTS and other remote sensing systems as sources of information for rangeland management. A field measurement program supported and verified the successful use of ER TS imagery for computer classification of vegetation type and quantity of standing crop biomass. Biomass classification was accomplished on three successive ERTS images, without changing the classification parameters, indicating that biomass classification may be less critical than expected. Extensive statistical analysis of ERTS data has shown that the MSS (multispectral scanner) Channel 5 and the ratio of Channel 7 to Channel 5 provide the most significant variables for vegetation type and biomass classifications. Cross-classification results of vegetation type and biomass provide tables summarizing biomass availability by species groups and in total acres.
Frequent monitoring of range and crop conditions
is a prerequisite to effective management and planning decisions. Remote sensing can help improve such decisions by providing efficient monitoring of the quantity of standing crop biomass. This paper reports on initial efforts to develop a system to provide useful information for rangeland managers on a timely and economic basis.
The remote rangeland analysis system (RRAS) described in this paper will be of benefit to government agencies charged with management of public lands and to ranch managers. Application to the grasslands of the entire world may be possible.
A conceptual description of the RRAS is followed by a discussion of the theoretical basis for remote sensing of vegetation, taken mostly from work by Miller and Pearson (1971) and Tucker (1973) . An important part of the complete system includes algorithms and computer programs for performing pattern recognition type analyses. The brief summary of these methods will help the reader who has not previously used them. A description of the experimental program includes a discussion of the collection of field data used to verify the analysis of remote sensing imagery. The experi- mental results provide a quantitative analysis of the accuracy with which remote sensing data may be used to interpret range conditions. Particular emphasis was given to the recognition or classification of the quantity of standing crop biomass. Finally, the management implications of the RRAS system are discussed.
System Concepts
Some initial design concepts of a complete remote rangeland analysis system are shown in Figure been implemented.
The results of our research, however, have shown the need for a "simplified range model" which would perform the functions indicated in the diagram. In short, reliable analysis of ERTS imagery requires some prior knowledge of species, phenological changes, and effects of weather. We found, for instance, that correct biomass classification for fourwing saltbush (AtripZex canescens) must include the effect of flowering on the spectral reflectance characteristics of this species. The simplified range model would also be used to predict probable species groups and to estimate weather effects on soil moisture. The preanalysis prediction of species groups or ecosystems would minimize ground surveys. The primary need for species and phenology information is due to the different biomass and reflectance characteristics for different species and different phenological states.
Our experimental operation of the RRAS made use only of the ERTS analysis program. The operation of the simplified range model was simulated by on-the-ground identification of species groups and phenological states. Thus the results reported in this paper incorporated the operation of the ERTS analysis program and the simulation of the simplified range model.
The Basis for Remote Sensing Biomass
The combined effect of biomass quantity, chlorophyll, and leaf water content must be considered, because for a given species or species group they are highly correlated. If there is more biomass of a given species, there will be more chlorophyll and more leaf water. Tucker (1973) has shown a high interdependence among these parameters and high correlations of each with the spectral reflectance of plants. 2
The spectral reflectances of soil, dead vegetation, and green vegetation are shown in Figure 2 . These results taken from Pearson and Miller (1972) , indicate that a remote sensing system should be capable of differentiating between green vegetation and underlying materials. Thus, a system capable of detecting the electromagnetic radiation from plants will provide a measurement related to biomass, chlorophyll, and leaf water. These parameters could be combined into a single parameter, wet-green-biomass. By definition, wet-green-biomass includes leaf water, chlorophyll, and biomass. This parameter was chosen to obtain the results contained herein.
More This is the classification method USed for this research.
One must recognize that the mean vectors and covariance matrices for the classes are not usually known.
They are computed from sample reflectance data for the classes. This sample data is usually called "training data" in the sense that It is used to "train" the computer to recognize the classes.
Experimental Program
The primary objective of the experimental program was the measurement of range conditions in se&ted test fields.
ERTS reflectance data from these test fields could then be used as training data for calculating p and 4 values. The Lest fields, or combinations thereof, become the classes to be identified.
A measurement program was set UD to accomolish the followiw objectives.
1) Establish test sites representing different
rangeland conditions, species groups, and biomass quantities.
2) Maintain a record of atmospheric and ground conditions at the time of each ERTS overflight.
3) Obtain a quantitative record of actual range conditions within each test field in terms of canopy cover, biomass, and phenological change. Most of the test fields used on this effort are shown on Figure 4 , which is an aerial (aircraft) photograph of part of the Pawnee National Grasslands in northeastern
Colorado. This is the location of the International Biological An ERTS computer microfilm image of the Pawnee Test Site for July 10, 1973, is shown on Figure  5 , where roads and test fields are easily seen. Next, data for specific picture elements (pixels) were selected from the test field locations for each of the three dates in July and August.
Each dot on Figure 5 is a pixel, 1 .l acres in size. If these were homogenous fields, such as one would find for agricultural crops, this would have completed the selection of training data. Natural grassland fields are not homogenous, however, so data samples which were significantly different from the majority of the class were removed. Significant difference was determined by calculating conditional probabilities (p(xjlCi)). This completed the selection of training data.
Red ts
The ERTS MSS (Multispectral scanning) imaging system measures reflectance in four spectral bands, 4 through 7. The wavelengths measured are 0.5 to 0.6, 0.6 to 0.7, 0.7 to 0.8, and 0.8 to 1 .l micrometers.
In addition to the four MSS bands, the ratio of Band 7 to Band 5 was also used. The use of this ratio was based on the spectroreflectance characteristics of green vegetation as illustrated in Figure 2 . Increasing quantity of vegetation (biomass) will reduce the reflectance in Band 5 since this band includes the chlorophyll absorption band. On the other hand, increasing biomass will increase the reflectance in Band 7 due to the high reflectance of green vegetation in the near infrared. Thus, the ratio of these two bands will increase as biomass increases. An analysis of variance procedure verified the importance of this ratio.
Vegetation Type Classification
A stepwise discriminant computer program was used to classify the training data (ERTS) for the nine test sites. This program established the capability of the Bayesian classification method to recognize these fields. It also determined the relative importance of each of the variables.
The classification results for the training field data for August 15, 1973, are given in Table 2 . Somewhat better results were obtained for the other two dates, but these are representative. The 7.7% average error indicates classification results should be reliable.
The dominant variables accounting for most of the separation between classes were ERTS Band 5 and the ratio 7/5, in that order.
The training data were then used to compute mean vectors and covariance matrices (signatures) for each of the test field classes. These vectors and matrices were used with Colorado State University's pattern recognition program (RECOG) to classify the entire area within the Pawnee Test Site. The results of this classification are shown in Figure 6 . The classifications shown pictorially in Figure 6 were stored on computer tape for later use. These results are consistent with known field boundaries for this region. The size of the region and its hetero- 
SAND, WHEAT, CRESTD, PITTED, HBOGR, LBOGR, ASWALE, FRWING, NOT CLASSIFIED.
geneity precluded any assessment of classification accuracy.
Biomass Classification
The formation of training data for biomass classes was based upon the field measurements of biomass at the time of each ERTS overpass. The biomass classes were formed as shown in Table 3 . Notice that ERTS data from test fields having different species groups and data obtained from images of different dates were combined. The biomass of the pricklypear cactus (OPPO) was excluded from measured values of total green biomass because of its inordinately high biomass/surface area ratio. Data for the biomass classes were used without any change except for fourwing saltbush data for July 10. These data were modified slightly to compensate for the reflectance of profuse blooms which were present on that date.
Stepwise discriminant classification results for the biomass training data are given in Table 4 . The relatively high average classification error of 24.6% can be attributed to the limited biomass sampling program and natural variation of biomass within the test fields. This is indicated by the more or less uniform distribution of errors around the "true" values (47% of the errors are for biomass classes higher than "true" values, 53% are for lower values). Thus, many of the "errors" are not wrong classifications, but are the result of actual biomass variations in fields placed in fixed biomass classes. An accurate estimation of biomass classification accuracy would require extensive sampling for each 1 .l-acre picture element imaged by ERTS.
The most significant variables for biomass classification were the ratio 7/5 and Band 5, in that order.
Mean vectors and covariance matrices were computed for the biomass classes and used to classify the Pawnee Test Site as shown in Figures 7  and 8 . Recalling that most of the summer rains in the Pawnee Test Site occurred between July 10 and August 15, we see the evident and expected increase in biomass in all of the natural grassland areas. The sandy arroyo and the cultivated dryland wheat fields, however, show little increase.
The classification maps do not, of course, provide total available biomass by vegetation type or by total acres. This information was easily generated from the vegetation type and biomass classification results, which had been retained on computer tape. A program was written which examined the classification for each pixel. These were summed and totalized to provide a cross-classification of vegetation type and biomass as given on Table 5 . Since each ERTS pixel represents approximately 1 acre, these tables may be used to estimate the total area by vegetation class and biomass class. The reader is reminded that the biomass values are for wet-green-biomass, not dry equivalent weights, since this better accounts for the combined effect of water, chlorophyll, and dry biomass.
Management Implications

Practical Considerations
The gray scale maps of Figures 6, 7, and 8 were convenient for illustrating this report. For practical use they would be produced at 7%' quadrangle map scale using printed symbols for class I.D. Figure 9 is a small portion of such a map.
The classification results on Figures 6, 7, and 8 and Table 5 are not without errors. It is impossible at this time to say that they are more or less accurate than data obtained by more conventional means. The results will be consistent over the entire area classified, however, which usually cannot be said about ocular estimates or any subjective human judgement. Thus, for comparative purposes and for monitoring changes from one date to the next, data obtained from ERTS should be superior. Furthermore, in no other way will a manager of thousands of acres of rangeland obtain an acreby-acre assessment of range condition. The 18-day repetitive coverage afforded by ERTS (9-day now when two ERTS satellites are operational) serves to increase its value for monitoring change. My personal confidence in the potential for a RRAS must be tempered by consideration of some of the problems. First and foremost is the problem of cloudy weather. Heavy clouds totally obscure the ground and eliminate all data. Thin clouds such as cirrus upset classification and greatly decrease the reliability of results. Similarly, precipitation a day or two before imaging can change soil reflectance and, therefore, total scene reflectance. The presence of even thin clouds is usually obvious, so unreliable data can be identified as such. A localized rain storm might not be recorded and will not likely be noted on the imagery. Hence, the effect of recent precipitation may be more serious. Furthermore, a functional RRAS will require some sort of simplified range model as depicted in Figure 1 . Such a model is not presently available; thus we are dependent on some ground control information on species, phenology, and weather effects (such as the precipitation effect just noted). Finally, a present limitation on availability of imagery limits operational use. It usually takes about 2 months after the image date to obtain computer com-patible tapes.
There is good reason to believe these problems can be solved or at least ameliorated.
This can be best accomplished by research coupled with operational experience. Only from the results of routine operation will we gain a complete understanding of the capability and limitations of remote sensing. And of course, only by using it will range managers gain confidence in the information provided.
Economics
The economics of operating a RRAS are encouraging but quite variable. The cost of computer compatible tapes for a 115mile by 115-mile image is $200.00. This is minor if even a tenth of the area is rangeland. For a lo-square-mile region, however, it could be excessive. And at the present time, a user must purchase tapes for an entire image or none at all. This points to the need for collective use.
The cost of classifying a 1 ,OOOsquare-mile region (acre by acre) using Colorado State University's computer is approximately $2,000.00. Combining 3 X 3 squares of 9 pixels into lo-acre cells, however, will reduce this cost to about $500.00. Furthermore, computers 100 times faster are available, which would reduce these costs by a factor of 10 to 50, depending on the computer and its owner. In the final analysis, cost will not be a deterrent if the data provided are reliable and timely.
Summary and Conclusions
The most significant results from this research are: (1) the successful use of the computer to recognize vegetation type-range conditions and green biomass classes, (2) achieving good statistical separation of the above classes, (3) the use of mixed date and mixed species data for "training" the computer to recognize biomass classes. The species and biomass classes are not, of course, entirely unique or independent.
Species and range condition classifications were correlated to biomass differences in the fields.
The output in the form of maps and cross-classification tables will provide useful information for the rangeland manager. This is a "now" capability which could be economically applied, at least in the shortgrass prairies, on a routine basis for rangeland management. Because of present delays of up to 2 months in obtaining ERTS imagery, however, its use at the present time would have to be limited to an inventory type function. Some limitations on its use would also be imposed by weather and the need for a simple range model to complete the analysis system. Future research should be performed in other locations, having different grass species, to determine the extent to which these results may be applied to other areas. There is some evidence that classification parameters for grassland biomass may be relatively universal. Development and operation of the entire remote rangeland analysis system should have a high priority for future efforts. 
